Introduction
============

The homeodomain-leucine zipper (HD-Zip) family of transcription factors (TFs) is unique to plants as it presents the combination of an HD with a Zip domain ([@bib2]). The HD is responsible for the specific binding to DNA through its helix III, and the Zip domain acts as a dimerization motif; dimerization is a prerequisite for binding to the target sequence CAAT(A/T)ATTG ([@bib39]; [@bib34]). The HD-Zip family can be divided into four subfamilies, I --IV, according to the sequence similarity of the HD and Zip domains and to additional structural features outside these domains. The subfamily I (HD-Zip I) is characterized by a gene product of ∼35 kDa that has a highly conserved HD without additional conserved motifs besides the Zip domain ([@bib2]).

The function of type I HD-Zips has been associated with the regulation of development in response to changes in environmental conditions. Based on present knowledge, the expression of these genes is regulated by external factors such as drought, temperature, and osmotic stresses, and it is specific to different tissues and organs of the plant ([@bib8]; [@bib41], [@bib40]; [@bib17]; [@bib2]). For example, *Arabidopsis ATHB5*, *6*, *7*, and *12* are induced by drought and they act as growth regulators in response to water deficit conditions ([@bib26]; [@bib40]; [@bib18]; [@bib19]; [@bib33]). The ectopic expression of *ATHB6*, *7*, and *12* in Arabidopsis plants confers reduced abscisic acid (ABA) sensitivity to germinating seeds and stomata and it mimics the phenotype of wild-type plants grown under water-limiting conditions, with reduced elongation of the inflorescence stem and rosette leaves (Hjellstrom *et al.*, 2003; [@bib33]). Plants ectopically expressing *ATHB5* have a similar phenotype ([@bib19]). Analyses of plants ectopically expressing *ATHB1*, *3*, *13*, *20*, or *23* suggest that these HD-Zip I genes are involved in the regulation of cotyledon and leaf development, and *ATHB13* potentially acts as a mediator of sugar signalling ([@bib1]; [@bib16]). The sunflower (*Helianthus annuus*) *HAHB4* is strongly induced by herbivory, wounding, methyl jasmonate (MeJA), ethylene (ET), and drought ([@bib12]; [@bib28], [@bib29]). *Arabidopsis* plants ectopically expressing *HAHB4* present a strong tolerance to water stress and a particular morphological phenotype ([@bib12]) and, after wounding, they accumulate higher amounts of jasmonic acid (JA), jasmonyl-isoleucine (JA--Ile), and ET compared with wild-type plants ([@bib29]). In tomato (*Solanum lycopersicum*), silencing of H52 induces spontaneous cell death in leaves, activation of defence genes, overaccumulation of ET and conjugated salicylic acid (SA), and growth reduction of virulent pathogens ([@bib30]). The silencing of a second HD-Zip I in tomato, LeHB-1, reduces LeACO1 (ACC oxidase I) expression in fruits and inhibits ripening ([@bib27]). Moreover, its overexpression triggers altered floral organ morphology, suggesting that this TF plays a critical role in floral organogenesis. In the resurrection plant *Craterostigma plantagineum*, the transcripts of *CpHB6* and *CpHB7* (type I HD-Zips) accumulate during dehydration whereas the transcripts of *CpHB3/4/5* are reduced by dehydration in both leaves and roots ([@bib11]). Transgenic tobacco and *Arabidopsis* plants ectopically expressing CpHB-7 also display reduced sensitivity towards ABA during seed germination and stomatal closure. Moreover, gene expression analysis performed on these plants demonstrated that some ABA-responsive genes are either induced or repressed, suggesting that this HD-Zip modifies ABA-responsive gene expression ([@bib10]).

*Nicotiana attenuata* is an annual wild tobacco plant that germinates after fires in the Great Basin Desert in Southwestern USA ([@bib3]). Because of this growth behaviour and strong intraspecific competition, *N. attenuata* allocates resources primarily to sustain rapid growth and seed setting. However, in its natural environment, *N. attenuata* is exposed to severe changing conditions as a result of the unpredictable appearance of herbivores and pathogens as well as unfavourable changes in temperature and water availability which can negatively affect its growth and reproduction. Therefore, it has to readjust its metabolism, growth, and developmental programme rapidly to cope with these unpredictable changes in the environment. For example, *N. attenuata* preferentially produces flowers that open at night and release benzyl acetone (4-phenyl-2-butanone; BA) to attract night-active pollinators such as moths from *Manduca* spp. ([@bib23]); however, when attacked by larvae of the same species, the plant increases the production of morning flowers, which do not emit BA at night and are visited preferentially by humming-birds in the morning ([@bib22]). Additional examples of the phenotypical plasticity of different plant species include (among several others): stem elongation in response to vegetation shade, root growth in response to soil moisture, leaf area and thickness in response to photon flux density, and changes in flowering time in response to unfavourable growing conditions ([@bib7]; [@bib4]; [@bib42]; [@bib32]). Despite the wealth of studies characterizing the phenotypic plasticity of plants in response to changes in the environmental conditions, the molecular mechanisms underlying this process remain in many cases largely unknown.

Materials and methods
=====================

Plant growth, treatments, and analysis of response variables
------------------------------------------------------------

Seeds of the 30th generation of an inbred line of *N. attenuata* plants were used as the wild-type genotype in all experiments. Wild-type and transformed lines of *N. attenuata* were germinated on Gamborg\'s B5 medium (Duchefa, Germany) as previously described ([@bib25]). For virus-induced gene silencing (VIGS) experiments, plants were grown in 1.0 l pots filled up with soil (Nullerde, Balster Einheitserdewerk, Fröndenberg, Germany) in chambers under 19 °C, 16 h light (1000 μmol m^−2^ s^−1^), 65% humidity, and watered daily every morning (control growth conditions).

Leaf wounding was performed by rolling a fabric pattern wheel three times on each side of the midvein. For 18:3-Glu elicitation, the wounds were supplemented with 10 μl of synthetic *N*-linolenoyl-glutamic acid \[18:3-Glu; 0.03 nmol μl^−1^ in 0.02% (v/v) Tween-20/water\]. Oral secretion (OS) elicitation was performed similarly but the wounds were supplemented with OS from *Manduca sexta* larvae (third to fifth instar) reared on *N. attenuata* plants. JA, SA, and ABA \[solvent: 0.02% (v/v) Tween-20/water\] were sprayed on leaves at 100, 300, and 300 μM, respectively. Ethephon was applied as previously described ([@bib5]).

To determine the response variables of reproductive phase change and flower transitions, 15 empty vector (EV) and *NaHD20*-silenced plants were used for each treatment and they were randomly distributed in the chamber. Data on bolting time, stalk length, and buds and flower numbers were obtained every 2 d from the beginning of the treatments. Rosette stage plants were elicited by wounding and OS elicitation, every day for a period of 11 d, starting 3 d before the initiation of bolting. *Pseudomonas syringae* pv. *tomato* DC3000 infection was performed by spraying rosette stage plants (3 d before the initiation of bolting) with a bacterial solution as previously described ([@bib21]). The same treatment was repeated 4 d later. For the water stress experiment, the soil of rosette stage plants (3 d before bolting) was water saturated, the excess water drained, and the plants were left without additional water for 18 d (and re-watered afterwards). For root analysis, rosette stage hydroponically grown wild-type plants were removed from the growing pots and the roots were exposed to ambient air for different times.

Cloning of *NaHD20*
-------------------

Specific primers ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) available at *JXB* online) were designed based on the *Nicotianan tabacum HD20*, *HD48*, *HD47*, *HD49*, and *HDkl* sequences (see Accession numbers) ([@bib37]) to PCR-amplify their respective homologues in *N. attenuata*. PCR products were obtained using *N. attenuata* leaf cDNA as template, cloned into pGEM^®^-T Easy vector (Promega, Madison, WI, USA), and sequenced ([Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) and Accession numbers). The 3′ and 5′ *HD20* cDNA segments were obtained using, respectively, the RACE system for rapid amplification of cDNA ends (Invitrogen, Karlsruhe, Germany) and the SMARTer RACE cDNA amplification kit (Clontech, Mountain View, CA, USA) following the manufacturer\'s instructions and using gene-specific primers ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1)).

Virus-induced gene silencing
----------------------------

VIGS based on the tobacco rattle virus (TRV) was used to silence the *NaHD20* gene transiently in *N. attenuata.* A cDNA fragment of 287 bp was amplified by PCR with the specific primers listed in [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online. PCR products were digested with *Bam*HI and *Sal*I, and inserted into the plasmid pTV00 in the antisense orientation ([@bib38]). *Agrobacterium tumefaciens*-mediated transformation was performed as previously described ([@bib38]). Plants transformed with the EV were used as control. The efficiency of gene silencing was evaluated by quantification of *NaHD20* mRNA levels by qPCR (see below) using the primers listed in [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1).

Phytohormone extraction and quantification
------------------------------------------

For phytohormone analysis, 0.1 g of frozen leaf material was extracted with 1 ml of ethyl acetate spiked with 0.1 μg of \[9,10-^2^H~2~\]dihydro-JA, \[^13^C~6~\]JA--Ile, \[^2^H~4~\]SA, or \[^2^H~6~\]ABA. Homogenates were centrifuged for 10 min at 4 °C, the upper organic phase was collected, and the plant material was re-extracted with 0.5 ml of ethyl acetate. The organic phases were combined and the samples were evaporated to dryness. The residue was reconstituted in 0.2 ml of 70% (v/v) methanol/water for analysis on a Varian 1200 Triple-Quadrupole-LC-MS system (Varian) as previously described ([@bib20]).

Ethylene measurements
---------------------

ET levels were analysed by photoacoustic spectrometry (INVIVO; <https://www.invivo-gmbh.de>) as previously described ([@bib24]). Leaves of rosette stage plants were either wounded or OS elicited and immediately placed in 100 ml sealed glass vessels for 5 h before ET quantification (one leaf per vessel). For the analysis of ET emitted by flowers, flowers were emasculated before anther dehiscence and either hand-pollinated or not (control) and immediately placed in 100 ml sealed glass vessels (five flowers per vessel) for 5 h before ET quantification. Three biological replicates for EV and *NaHD20*-silenced plants and treatment were performed.

Quantification of benzylacetone emission from flowers
-----------------------------------------------------

Flower volatiles were collected by enclosing individual night flowers in plastic cups connected to Super-Q traps (ARS, Philadelphia, PA) under an air flow of 30 ml min^−1^. Volatiles were collected from 14:00 h to 9:00 h. Traps were spiked with 400 ng of tetraline as an internal standard and eluted with 250 μl of dichloromethane. Volatile analysis was performed by gas chromatography--mass spectrometry (GC-MS) with a CP-3800 GC instrument (Varian, Palo Alto, CA, USA) on a DB-Wax column (Agilent, Waldbronn, Germany). BA was identified by comparing retention times and mass spectra with a commercial standard. Peak areas were integrated and normalized to the area of the internal standard.

Secondary metabolite extraction and quantification
--------------------------------------------------

Control and 18:3-Glu-elicited leaves of rosette stage plants were harvested after 0, 36, and 72 h. Approximately 0.2 g of leaf material was extracted with 1 ml of extraction buffer \[40% (v/v) methanol/water; 0.1% (v/v) acetic acid/water\] and samples centrifuged (16 100 *g*) for 20 min at 4 °C. The supernatant was transferred into a new tube and centrifuged again to remove insoluble particles. Samples were analysed on an HPLC-1100 series instrument (Agilent) using a Chromolith FastGradient RP18e column (50×2 mm; Merck, Darmstadt, Germany) attached to a Gemini NX RP18 pre-column (2×4.6 mm). The solvents were: A \[0.1% (v/v) formic acid/water; 0.1% (v/v) ammonium hydroxide/water pH 3.5\] and B (methanol). The solvent gradient was 0% solvent B for 0.5 min, to 80% solvent B in 6.5 min and isocratic for 3 min. The flow rate was 0.8 ml min^−1^, the injection volume was 1 μl, and the column oven was set at 50 °C. The recorded detector channels were set at 260 nm (nicotine), 210 nm \[diterpene glucosides (DTGs)\], and 320 nm (caffeoylputrescine, caffeoylspermidine, and chlorogenic acid).

RNA isolation, cDNA synthesis, and real-time quantitative PCR
-------------------------------------------------------------

Total RNA was extracted from different tissues by the TRIzol^®^ reagent (Invitrogen) and DNase I treated (Fermentas, St. Leon-Rot, Germany) according to the manufacturer\'s instructions. A 5 μg aliquot of total RNA was reverse transcribed using oligo(dT)~18~ and SuperScript reverse transcriptase II (Invitrogen) according to the manufacturer\'s instructions. Quantitative real-time PCR (qPCR) was performed with a Mx3005P Multiplex qPCR system (Stratagene, La Jolla, CA, USA) and the qPCR Core kit for SYBR^®^ Green I (Eurogentec, Liege, Belgium) using gene-specific primers ([Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online). Quantification of *NaHD20* mRNA levels was performed either by normalization with the eukaryotic elongation factor 1A (NaeEF1A-α) mRNA according to the ΔCt method or per μg of total cDNA after digestion with RNase A and RNase H and quantification by UV absorbance after purification. The two methods gave similar kinetics and relative amounts between tissues of *NaHD20* transcripts. The NaeEF1A-α mRNA was selected as a standard for normalization because its levels showed minimal variations after the treatments tested and in the different tissues.

Sequence analysis and statistics
--------------------------------

ClustalW was used for multiple and pairwise alignments using the Mega4 software ([@bib43]). Statistical analysis was performed with SPSS 17.0 (SPSS Inc., Chicago, IL, USA) or with Excel (Microsoft, Washington, USA).

GenBank accession numbers
-------------------------

NaHD20 (HM107874); NaNCED1 (HM068892); NaOSM1 (HM068893); NaLTP1 (HM068895); NtHD20 (ET048311); NtHD49 (ET044131); NtHD48 (ET042012); NtHD47 (ET051066); NtHDkl (EB680839).

Results
=======

Identification of *NaHD20* as a multiple-stress-inducible HD-Zip gene in *N. attenuata* leaves
----------------------------------------------------------------------------------------------

With the purpose of identifying putative HD-Zip TFs involved in the regulation of changes in growth and development induced by biotic and abiotic stimuli in *N. attenuata*, the publicly available sequences corresponding to the *N. tabacum* HD TFs ([@bib37]) were used as queries to identify HD-Zips in *N. attenuata*. Specific primers were designed based on the sequences from *N. tabacum* HD-Zips I and II, and five cDNAs encoding putative HD-Zips (two type I and three type II) were retrieved from leaves of *N. attenuata* plants ([Supplementary Tables S1](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1), [S2](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online). The mRNA levels corresponding to one of these HD-Zips (type I) were found to be inducible by multiple biotic- and abiotic-related stresses (see below). In contrast, the transcript levels for the remaining four HD-Zips were not affected by the stimuli tested (data not shown and see below). The multiple-stress-inducible HD-Zip had \>95% amino acid sequence identity to the putative *N. tabacum* NtHD20 ([@bib37]) ([Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online) and, accordingly, it was named NaHD20 and it was further characterized in this study.

Analysis of sequence similarity by basic local alignment (BLAST) using the complete predicted amino acid sequence of NaHD20 as a query against non-redundant GenBank databases showed that, in addition to NtHD20, the closest homologues of NaHD20 were three uncharacterized HD-Zips from tomato, castorbean (*Ricinus communis*), and black cottonwood (*Populus trichocarpa*) and two characterized *Arabidopsis* HD-Zips, ATHB12 and ATHB7. The amino acid sequence alignment of these HD-Zips showed that the highest degree of homology between them was restricted to the HD and Zip domains; however, sequence conservation was also present outside these two domains ([Fig. 1](#fig1){ref-type="fig"}).

![Alignment of NaHD20 amino acid sequences with HD-Zip I proteins from different plant species. Multiple alignment of the NaHD20 amino acid sequence with its closest homologues from other plant species. ATHB7, *A. thaliana* homeobox 7 (At2g46680); ATHB12, *A. thaliana* homeobox 12 (At3g61890); SlHD, *S. lycopersicum* homeodomain (AK323400); RcHD, *Ricinus communis* homeodomain (XM_002529914); PtHD, *Populus trichocarpa* homeodomain (XM_002302623); HD, homeodomain; Zip, leucine-zipper domain.](jexboterq252f01_ht){#fig1}

*NaHD20* transcript levels are induced by different stress-associated treatments and are abundant in corollas
-------------------------------------------------------------------------------------------------------------

*NaHD20* mRNA levels were induced by wounding, exogenous JA, SA, ABA, and ET, and by dehydration. The accumulation of *NaHD20* transcript levels in leaves after exogenous JA application was slow, starting to increase only after 2 h of the treatment to reach a maximum at 4 h (6- to 7-fold compared with basal levels) and remained constant for up to 24 h ([Fig. 2A](#fig2){ref-type="fig"}). Application of exogenous SA also stimulated a slow accumulation of *NaHD20* mRNA (6- to 7-fold compared with basal levels; [Fig. 2A](#fig2){ref-type="fig"}). After wounding, the induction of *NaHD20* mRNA levels was slower compared with JA application and it was further decelerated by supplementing the wounds with the insect-derived elicitor 18:3-Glu; however, the levels of induction were similar between treatments at 24 h ([Fig. 2B](#fig2){ref-type="fig"}). Ethephon (an ET-releasing agent) stimulated a more rapid (within 1 h) but lower (2.5-fold) and transient accumulation ([Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online).

![Analysis of *NaHD20* transcript levels in *N. attenuata* leaves and roots after different stress treatments. Total RNA was extracted from leaves or roots of rosette stage wild-type (WT) or transgenic *N. attenuata* plants after different times and treatments, reverse transcribed, and *NaHD20* mRNA levels were quantified by qPCR. (A) Leaf tissue from WT plants treated with exogenous JA (100 μM), SA (300 μM), or solvent (SV). (B) Leaf tissue from wounded WT plants with the addition of either solvent (W+SV) or 18:3-Glu (W+FAC). (C) Leaf tissue from wounded WT, ir-lox3, ir-coi1, and ir-jar4/6 silenced plants. (D) Leaf tissue from WT plants subjected to water stress (by withholding soil irrigation) or control conditions for several days. (E) Roots of WT plants subjected to water stress (by air drying) or control conditions for up to 24 h. \*Student *t*-test, *P* \<0.05 \[control versus treatment (A, D, E); wounding versus FAC elicitation (B); WT versus RNA interference-silenced plants (C)\]; (*n*=3, bars denote ±SE).](jexboterq252f02_ht){#fig2}

To study the dependence of *NaHD20* on the endogenous biogenesis and signalling of JA, *N. attenuata* plants silenced in the expression of *LOX3* (ir-lox3), *JAR4*/*6* (ir-jar4/6), and *COI1* (ir-coi1) were analysed. The ir-lox3 and ir-jar4/6 plants are deficient in the synthesis of JA and JA--Ile, respectively ([@bib15]; [@bib46]), and ir-coi1 plants in jasmonate perception ([@bib35]). Consistent with the induction by wounding and exogenous JA application, the induction of *NaHD20* transcripts was abolished in ir-lox3, ir-jar4/6, and ir-coi1 ([Fig. 2C](#fig2){ref-type="fig"}), indicating that expression of the *NaHD20* gene depends on the endogenous production of these two jasmonates and signalling through COI1.

When wild-type plants were grown under water stress conditions by withholding irrigation for \>2 weeks, *NaHD20* mRNA levels increased in leaves (\>10-fold induction after 16 d from the beginning of the treatment compared with basal levels; [Fig. 2D](#fig2){ref-type="fig"}) and treatment of leaves with exogenous ABA also induced the expression levels of this transcript ([Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online). Finally, roots exposed to the air for several hours also induced a fast and strong accumulation of *NaHD20* mRNA (150-fold compared with root basal levels; [Fig. 2E](#fig2){ref-type="fig"}).

The expression of *NaHD20* transcripts was detected in all the different tissues of wild-type plants tested, with high levels of accumulation in floral parts compared with vegetative tissue and with the highest levels in the corolla, sepals, and stamens ([Fig. 3](#fig3){ref-type="fig"}).

![Tissue-specific expression of *NaHD20* mRNA. Total RNA was extracted from different tissues of rosette stage and mature *N. attenuata* wild-type (WT) plants, reverse transcribed, and used for quantification of *NaHD20* mRNA levels by qPCR (*n*=3, bars denote ±SE). Different letters indicate significant differences (univariate ANOVA, *F*~8,18~=228.8, *P* \<0.001, followed by a Scheffé *post-hoc* test, *P* \<0.05).](jexboterq252f03_ht){#fig3}

*NaHD20* affects ABA accumulation and expression of drought-responsive transcripts during water stress
------------------------------------------------------------------------------------------------------

To investigate the role of *NaHD20* in *N. attenuata* plants, its expression was silenced by VIGS. Plants transformed with the EV were used as controls. Gene silencing efficiency was analysed by qPCR and the *NaHD20* mRNA levels were reduced by 86±7% in *NaHD20*-silenced plants compared with EV plants ([Supplementary Fig. S4](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online). The rosette size and rosette morphology of *NaHD20*-silenced plants were indistinguishable from those of EV plants.

Based on its similarity to *Arabidopsis ATHB7* and *12*, a potential role for *NaHD20* in water stress responses was first investigated. For this experiment, the soil of rosette stage EV and *NaHD20*-silenced plants was allowed to take up water to its field capacity and plants were left without additional water for 18 d. Under these conditions, rosette leaf wilting became evident after 13 d in both EV and *NaHD20*-silenced plants and, when plants were re-watered (day 18 after the beginning of the treatment), the rosette leaves from both plant types regained turgidity within 24 h. During the experiment, no obvious differences in leaf number and morphology (e.g. leaf area) between plant types were detected (data not shown). The levels of ABA in leaves of EV plants reached 33 μg gFW^−1^ (per gram of fresh weight) at day 18 and after re-watering they declined to 1.5 μg gFW^−1^ ([Fig. 4A](#fig4){ref-type="fig"}). In *NaHD20*-silenced plants, ABA accumulated more slowly than in EV plants and reached 22 μg gFW^−1^ at day 18 (65% of EV levels), and it declined to 2.2 μg gFW^−1^ after re-watering ([Fig. 4A](#fig4){ref-type="fig"}; see legend for statistical analysis). Expression of ABA levels per gDW (per gram of dry weight) gave similar results ([Supplementary Fig. S5](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online).

![Analysis of ABA accumulation and gene expression during water stress conditions. (A) Rosette stage EV and *NaHD20*-silenced plants were water stressed for several days and leaves (one leaf per plant for each time point) were harvested at different times, extracted, and ABA levels quantified by LC-MS/MS. The arrow marks the day of re-watering (day 18 after the beginning of the experiment). \*One-way ANOVA with Fisher\'s PLDS, *P* \<0.05 (*n*=5). (B) Analysis of *NaNCED1*, *NaOSM11*, and *NaLTP1* expression levels in EV and *NaHD20*-silenced plants during conditions of water deficit. Total RNA was extracted from leaves at different times, reverse transcribed, and used for quantification of *NaNCED1*, *NaOSM1*, and *NaLTP1* mRNA levels by qPCR. \*Student *t*-test, *P* \<0.05 (EV versus *NaHD20*-silenced plants) (*n*=3, bars denote ±SE).](jexboterq252f04_lw){#fig4}

To investigate if the silencing of *NaHD20* affected the expression of drought-responsive genes, the transcript levels of *NaNCED1* (9-*cis*-epoxycarotenoid dioxygenase 1), *NaLTP1* (lipid transfer protein 1), and *NaOSM1* (osmotin 1) were evaluated by qPCR during water stress in EV and *NaHD20*-silenced plants. The transcript levels for *NaNCED1* constantly increased in water-stressed EV plants, to reach a \>200-fold increase compared with basal levels after 18 d ([Fig. 4B](#fig4){ref-type="fig"}). The levels of this transcript were also induced in *NaHD20*-silenced plants, however to 2- to 3-fold lower levels than in EV plants. Similarly, the transcript levels for *NaOSM1* were induced 2- to 4-fold by water deficiency in leaves of EV plants whereas they were not induced or even repressed (day 14) in *NaHD20*-silenced plants ([Fig. 4B](#fig4){ref-type="fig"}). In contrast, even though *NaLTP1* transcript levels were strongly up-regulated by water stress, the induction was not affected by the silencing of *NaHD20* ([Fig. 4B](#fig4){ref-type="fig"}). Treatment of leaves with exogenous ABA induced the accumulation of these three transcripts ([Supplementary Fig. S3](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online).

Ectopic expression of the sunflower *HAHB4* in *Arabidopsis* induces the enhanced accumulation of JA and ET after wounding and reduces the accumulation of SA after infection with a virulent strain of *P. syringae* ([@bib29]). Therefore, the levels of JA, JA--Ile, and ET were quantified in EV and *NaHD20*-silenced plants after wounding, and 18:3-Glu elicitation and the levels of SA were quantified after 24 h and 48 h of *P. syringae* infection. All these phytohormones accumulated to similar levels in EV and *NaHD20*-silenced plants after the treatments (data not shown). Consistently, the accumulation of several defence-associated secondary metabolites which depend on JA and JA--Ile (nicotine and DTGs) and phenolics (caffeoylputrescine, caffeoylspermidine, and chlorogenic acid) was also similar between EV and *NaHD20*-silenced plants (data not shown).

*NaHD20* is a positive regulator of the emission of benzylacetone from *N. attenuata* flowers but not of ethylene production after pollination
----------------------------------------------------------------------------------------------------------------------------------------------

Based on the high levels of expression of *NaHD20* mRNA in the corolla and other floral parts, experiments were conducted to assess whether *NaHD20* was associated with processes regulating the production of either corolla-derived volatiles or ET after pollination. The night flowers of *N. attenuata* emit volatile compounds at night, and BA is one of the major constituents of the blend ([@bib13]). Corolla-emitted BA from night flowers of EV and *NaHD20*-silenced plants was trapped during the night period and analysed by GC-MS. Emission of BA was reduced by 75% in *NaHD20*-silenced plants compared with EV plants ([Fig. 5](#fig5){ref-type="fig"}; see legend for statistical analysis).

![Analysis of benzylacetone (BA) emitted by night flowers. Volatiles emitted by night flowers of EV and *NaHD20*-silenced plants were trapped from 14:00 h to 9:00 h and analysed by GC-MS. BA levels correspond to 10 biological replicates (*n*=10) for EV and *NaHD20*-silenced plants and they are expressed as the normalized peak area to the internal standard. \*Mann--Whitney *U*-test; *P* \<0.05; *NaHD20*-silenced plants versus EV plants.](jexboterq252f05_lw){#fig5}

Similar to many plant species, the primary pollination event in *N. attenuata* flowers is accompanied by an increase in ET production within the first hours after pollination. Emission of ET in flowers of EV and *NaHD20* plants was evaluated after controlled pollination by emasculation of flowers before anther dehiscence and hand pollination of the stigma. Control flowers were emasculated but not pollinated. Flowers were placed immediately into glass vessels for quantification of ET. The results showed that total ET emission was not affected by the silencing of *NaHD20* (data not shown).

*NaHD20* is a positive regulator of the transition from the vegetative to the reproductive stage and of flower differentiation in control growth conditions
-----------------------------------------------------------------------------------------------------------------------------------------------------------

Based on the role of several HD-Zip I genes in processes controlling the growth of the inflorescence stem and flower organogenesis in plants and on the high level of *NaHD20* expression in floral parts in *N. attenuata*, the participation of this TF in processes controlling the reproductive phase change and the regulation of flower differentiation was evaluated under different growth conditions.

Under control growth conditions, *NaHD20*-silenced plants presented a delay in bolting (defined as the time when the flowering stalk emerged) compared with EV plants ([Fig. 6A](#fig6){ref-type="fig"}, see legend for statistical analysis). For the subsequent experiments, day 0 (D0) was defined as the time when the first EV plant bolted ([Fig. 6A](#fig6){ref-type="fig"}). Thus, by days 1 and 2, 50% and 75% of the EV plants have bolted; however, only 20% and 45% of *NaHD20*-silenced plants, respectively, had bolted ([Fig. 6A](#fig6){ref-type="fig"}, see legend for statistical analysis). By day 4, 100% of both EV and *NaHD20*-silenced plants had bolted. The rate of stalk elongation and the final stalk length were similar between the plant types ([Fig. 6B](#fig6){ref-type="fig"}).

![Analysis of reproductive phase change and flower transitions in *NaHD20*-silenced plants grown under control conditions. EV and *NaHD20*-silenced plants were grown under control conditions in ambient growth chambers. For all experiments, day 0 (D0) was defined as the time in which the first EV plants bolted and time therefore refers to days after D0. (A) Bolting time expressed as the percentage of bolted plants relative to D0 \[two-sample Kolmogorov--Smirnov (K--S) test; *P* \<10^−4^\]. (B) Rate of stalk elongation. (C) Percentage of plants that had at least one opened bud (OB; two-sample K--S test; *P* \<10^−4^). (D) Number of closed buds per plant (buds per plant). (E) Number of opened buds (OBs) per plant. (F) Number of opened corolla flowers (OCFs) per plant. \*Mann--Whitney *U*-test; *P* \<0.05; *NaHD20*-silenced plants versus EV plants. Each data point corresponds to data collected for 15 plants per plant type. (This figure is available in colour at *JXB* online.)](jexboterq252f06_3c){#fig6}

As a response variable of the differentiation of flowers: (i) the number of buds produced per plant; (ii) the time when the first bud opened; (iii) the number of opened buds (OBs) per plant; and (iv) the number of opened corolla flowers (OCFs) per plant were analysed in EV and *NaHD20*-silenced plants. Consistent with the differences in bolting time between EV and *NaHD20*-silenced plants ([Fig. 6A](#fig6){ref-type="fig"}), the production of the first OB was delayed in *NaHD20*-silenced plants ([Fig. 6C](#fig6){ref-type="fig"}, see legend for statistical analysis). All EV plants had a first OB by day 14, whereas this was the case for only 50% of *NaHD20*-silenced plants. By day 18, all *NaHD20*-silenced plants have at least one OB ([Fig. 6C](#fig6){ref-type="fig"}). The number of buds per plant produced by EV and *NaHD20*-silenced plants was similar ([Fig. 6C](#fig6){ref-type="fig"}). Likewise, the number of OBs per plant was similar between the plant types during days 12--23; however, the number was significantly reduced for *NaHD20*-silenced plants after day 23, reaching similar values at day 31 ([Fig. 6E](#fig6){ref-type="fig"}, Mann--Whitney *U*-test, *P* \<0.05 for days 25, 27, and 29). For example, at day 25, EV plants had on average 25 OBs per plant, whereas *NaHD20*-silenced plants had 15 (40% reduction; [Fig. 6E](#fig6){ref-type="fig"}). Consistently, the number of OCFs per plant was similar between plant types between days 12 and 25, whereas the number was reduced in *NaHD20*-silenced plants after this period ([Fig. 6F](#fig6){ref-type="fig"}, Mann--Whitney *U*-test, *P* \<0.05 for days 27 and 29). For example, at day 27, EV plants had on average 24 OCFs whereas *NaHD20*-silenced plants had 14 (40% reduction; [Fig. 6F](#fig6){ref-type="fig"}). The macroscopic morphology of the flowers and flower parts was similar between EV and *NaHD20*-silenced plants (data not shown).

*NaHD20* is a negative regulator of the production of OB and OCF after recovery from water deficiency
-----------------------------------------------------------------------------------------------------

The role of *NaHD20* in the transition to the reproductive stage and flower differentiation was also studied during three stress conditions: drought, wounding plus *M. sexta* OS elicitation, and infection with a virulent strain of *P. syringae*.

For the water stress experiment, EV and *NaHD20*-silenced plants at the early rosette stage (3 d before bolting) were used and the treatment was identical to that described above for ABA quantification. The results are presented in [Fig. 7](#fig7){ref-type="fig"} and the data corresponding to stalk length and number of buds for EV plants under control growth conditions ([Fig. 6B](#fig6){ref-type="fig"}, [C](#fig6){ref-type="fig"}) are also included in [Fig. 7](#fig7){ref-type="fig"} to help with the comparisons. The bolting time and the time when the first OB appeared in both EV and *NaHD20*-silenced plants was similar to that of plants grown under control conditions, since they occurred before the plants were under water deficit (the soil was still wet). Under water limitation, the rates of stalk elongation from EV and *NaHD20*-silenced plants were slowed down by day 13, when the plants started to show evident macroscopic signs of dehydration (leaf wilting), and they were similar in both plant types ([Fig. 7A](#fig7){ref-type="fig"}). Likewise, the number of buds per plant produced by EV and *NaHD20*-silenced plants was reduced during water stress compared with the control treatment; however, the reductions were again similar between the types of plants ([Fig. 7B](#fig7){ref-type="fig"}). After re-watering, the number of buds per plant increased in both EV and *NaHD20*-silenced plants to reach numbers similar to those of plants grown under control conditions after 2 weeks ([Fig. 7B](#fig7){ref-type="fig"}). The number of OBs per plant was significantly reduced in *NaHD20*-silenced plants during water deficiency ([Fig. 7C](#fig7){ref-type="fig"}; Mann--Whitney *U*-test, *P* \<0.05 for days 12--17) consistent with the data presented in [Fig. 6E](#fig6){ref-type="fig"}; however, after re-watering, the number significantly increased ([Fig. 7C](#fig7){ref-type="fig"}; Mann--Whitney *U*-test, *P* \<0.05 for days 21--23) in *NaHD20*-silenced plants compared with EV plants, to reach similar levels thereafter ([Fig. 7C](#fig7){ref-type="fig"}, days 25--31). Consistent with these differences, the number of OCFs per plant was also reduced in *NaHD20*-silenced plants compared with EV before re-watering ([Fig. 7D](#fig7){ref-type="fig"}, Mann--Whitney *U*-test, *P* \<0.05 for days 12--19); however, it was increased to levels significantly higher than in EV plants after re-watering ([Fig. 7D](#fig7){ref-type="fig"}; Mann--Whitney U-test, *P* \<0.05 for days 23--27). For example, at day 27, EV plants had on average seven OCFs whereas *NaHD20*-silenced plants had 15 OCFs ([Fig. 7D](#fig7){ref-type="fig"}). At day 31, the number of OCFs per plant was similar between plant types ([Fig. 7D](#fig7){ref-type="fig"}).

![Analysis of reproductive phase change and flower transitions in *NaHD20*-silenced plants during water stress and after recovery. Rosette stage EV and *NaHD20*-silenced plants were subjected to conditions of water deficit for 18 d and afterwards re-watered (black arrows: day 18). Day 0 (D0) was defined as the time in which the first EV plants bolted and time therefore refers to days after D0. The data corresponding to stalk length and number of buds for EV plants under control growth conditions ([Fig. 6](#fig6){ref-type="fig"}) are also presented (grey dotted lines) to help with the comparisons between treatments. (A) Rate of stalk elongation. (B) Number of closed buds per plant. (C) Number of opened buds (OBs) per plant. (D) Number of opened corolla flowers (OCFs) per plant. \*Mann--Whitney *U*-test; *P* \<0.05; *NaHD20*-silenced plants versus EV plants. Each data point corresponds to data collected for 15 plants per plant type. (This figure is available in colour at *JXB* online.)](jexboterq252f07_3c){#fig7}

The results obtained after analysis of EV plants elicited by wounding and OS and infected by a virulent strain of *P. syringae* (see Materials and methods for the experimental design) showed a negative effect of the treatments on bolting time, opening of the first bud, and number of OBs and OCFs per plant in EV plants ([Supplementary Figs S6](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1), [S7](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online). These treatment-associated negative effects were also observed in *NaHD20*-silenced plants; however, they were proportional to the levels observed in EV plants under the same conditions, indicating that they were independent of *NaHD20* expression (data not shown).

Discussion
==========

NaHD20 plays a positive role in leaf ABA accumulation during water stress
-------------------------------------------------------------------------

The levels of *NaHD20* mRNA were induced several fold in leaves and roots of wild-type plants under conditions of water stress and exogenous ABA treatment. This up-regulation was consistent with the drought-dependent regulation of other members of the HD-Zip I family in other plant species, including Arabidopsis, the resurrection plant *C. plantagineum*, and sunflower ([@bib41], [@bib40]; [@bib33]; [@bib12]; [@bib10]). Consistent with a potential role for *NaHD20* in the regulation of drought-associated responses, the rate of ABA accumulation in leaves of water-stressed *NaHD20*-silenced plants was decelerated and reduced compared with control EV plants, and ABA levels reached on average 65% of those in EV plants at day 18 of the treatment ([Fig. 4A](#fig4){ref-type="fig"} and [Supplementary Fig. S5](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) at *JXB* online). Although speculative at this point, NaHD20 could be involved in a positive feedback loop controlling ABA biosynthesis in leaves.

In plants, increased ABA levels under water-deficit conditions result mainly from increased *de novo* biosynthesis through the transcriptional activation of ABA biosynthetic genes; the inhibition of transcription or translation impairs stress-induced ABA biosynthesis ([@bib31]; [@bib47]). The transcription of 9-*cis*-epoxycarotenoid dioxygenase (*NCED*) genes (catalysing the synthesis of xanthonin from 9-*cis*-epoxycarotenoids) is rapidly induced in leaves by drought stress in most plant species ([@bib44]; [@bib6]; [@bib36]; [@bib9]) and the step catalysed by this enzyme is considered the rate-limiting step for ABA biosynthesis in this tissue. Consistent with these previous results, the levels of *NaNCED1* mRNA were strongly up-regulated by water stress in *N. attenuata* leaves ([Fig. 4B](#fig4){ref-type="fig"}). Moreover, consistent with the reduced leaf ABA levels in *NaHD20*-silenced plants, the induction of this transcript was reduced by 2- to 3-fold in these plants ([Fig. 4B](#fig4){ref-type="fig"}). A reduced induction of the ABA- and dehydration-responsive *NaOSM1* gene was also observed in *NaHD20*-silenced plants compared with EV plants, whereas the induction of the *NaLTP1* gene was similar between these plant types ([Fig. 4B](#fig4){ref-type="fig"}). Whether NaHD20 can directly bind to the promoter region of *NaOSM1* and *NaNCED1* or the effect on their expression is indirect (based on lower ABA levels or the regulation of secondary transcription factors) is at present unknown and it remains the focus of future investigations. Moreover, the reduction in ABA and NaNCED1 mRNA accumulation due to *NaHD20* silencing could be due to developmental, physiological, or biochemical changes (e.g. reduced leaf area, stomatal closure, or osmotic adjustment) that could delay loss of turgor after withdrawal of watering. More detailed experiments are needed to demonstrate the actual NaHD20-dependent mechanisms underlying the regulation of ABA levels.

NaHD20 does not affect the biosynthesis of JA, SA, and ET in *N. attenuata* plants
----------------------------------------------------------------------------------

Similar to the sunflower *HAHB4*, the expression of *NaHD20* was induced by wounding, insect elicitation, and exogenous applications of JA. The ectopic expression of *HAHB4* in *Arabidopsis* stimulates an increased accumulation of JA and ET after wounding but a reduced accumulation of SA after pathogen infection compared with control plants ([@bib29]). In *NaHD20*-silenced plants, the accumulation of JA, JA--Ile, and ET was similar to that in control EV plants after wounding, and 18:3-Glu elicitation and the accumulation of SA were also similar between these plant types after *P. syringae* infection, suggesting that NaHD20 does not affect the production of these phytohormones in leaves of *N. attenuata*.

The analysis of plants deficient in JA and JA--Ile biosynthesis and perception showed that both the endogenous production and perception of these jasmonates are required for the induction of *NaHD20* mRNA levels. Since the kinetics of *NaHD20* mRNA induction by wounding and exogenous JA application were slow, this HD-Zip may have an effect in late responses to these stimuli. The accumulation of secondary metabolites known to be at least partially dependent on JA biosynthesis and perception was not altered in *NaHD20*-silenced plants compared with EV plants. Thus, the role of NaHD20 in responses associated with wounding remains unknown.

NaHD20 is a positive regulator of BA emission from night flowers
----------------------------------------------------------------

Expression of *NaHD20* transcripts was detected in all tissues analysed, with the highest level of expression in corollas ([Fig. 3](#fig3){ref-type="fig"}). Consistently, previous studies have shown that HD-Zip I genes are expressed in most plant tissues including flowers ([@bib26]; [@bib17]; [@bib10]). The emission of BA from corollas of night flowers was reduced by 75% in *NaHD20*-silenced plants, indicating that *NaHD20* positively regulates the emission or production of this volatile molecule. What mechanisms underlie this effect is at present unknown. BA is emitted from the outer corolla lip, and possible roles for *NaHD20* in the control of BA emission involve the control of the expression of BA biosynthetic genes in flowers or of the mechanisms that regulate the release of this volatile compound.

NaHD20 has a dual role as a positive and negative regulator of inflorescence bud opening depending on the external growth conditions
------------------------------------------------------------------------------------------------------------------------------------

The transition from the vegetative to the reproductive stage is controlled by multiple environmental cues, such as the photoperiod, temperature, and water availability. Drought often delays developmental events because of the inhibition of growth by water deficit ([@bib45]); drought inhibits or reduces the new assimilation and translocation of carbohydrates, the translocation of nutrients, and protein synthesis, whereas it increases proteolysis ([@bib14]).

*Arabidopsis ATHB7* and *ATHB12* function as regulators of cell elongation, expansion, and differentiation during water stress responses. The ectopic expression of these transcription factors delays bolting, reduces the rates of elongation of the primary inflorescence stem, and induces alterations in leaf shape; however, flowering time is unaffected ([@bib18]; [@bib33]). The silencing of *NaHD20* in *N. attenuata* also affected developmental processes both in control and in a context of water-deficit conditions. The silencing of *NaHD20* induced a delay in bolting time but it did not affect the rate of stalk elongation and the final stem length under control growth conditions. Water stress decelerated the elongation of the stem; however, the elongation rates and length remained similar between EV and *NaHD20*-silenced plants ([Fig. 7A](#fig7){ref-type="fig"}). Likewise, the similar number of inflorescence buds produced per plant between these two plant types indicated that *NaHD20* did not affect the development of the floral meristems. Moreover, the similar reduction in the number of buds between EV and *NaHD20*-silenced plants during water deficit and their similar increase after recovery supported this conclusion ([Fig. 7B](#fig7){ref-type="fig"}). The opening of the inflorescence buds was delayed in *NaHD20*-silenced plants by a specific time during development, when plants reached the maximum number of OBs per plant ([Fig. 6E](#fig6){ref-type="fig"}). This delay was reflected in the number of OCFs produced per plant ([Fig. 6F](#fig6){ref-type="fig"}). The delay in the formation of OBs in *NaHD20*-silenced plants also occurred during water deficit conditions, and, strikingly, ∼5 d after recovery from this treatment, a differential acceleration in the production of OBs and OCFs occurred in *NaHD20*-silenced plants relative to EV plants ([Fig. 7C](#fig7){ref-type="fig"}, [D](#fig7){ref-type="fig"}). This acceleration resulted in double numbers of OBs and OCFs in *NaHD20*-silenced plants compared with EV plants between days 23 and 29 ([Fig. 7C](#fig7){ref-type="fig"}, [D](#fig7){ref-type="fig"}). The silencing of *NaHD20* did not however affect the final number of flowers produced ([Figs. 6E](#fig6){ref-type="fig"}, [F](#fig6){ref-type="fig"}, [7C](#fig7){ref-type="fig"}, [D](#fig7){ref-type="fig"}), consistent with the similar number of inflorescence buds produced per plant. These differences in the production of OBs and OCFs between EV and *NaHD20*-silenced plants could be the result of a direct effect of NaHD20 on the regulation of flower transition processes or an indirect effect via the control of additional developmental regulatory factors or phytohormones (e.g. ABA). At this point, however, the possibility that a differential sensibility of developing flowers to water stress (due, for example, to the more advanced flowering stage of EV plants) could affect the re-activation of flowering after re-watering cannot be ruled out.

The effect of insect-derived chemical cues and bacterial infection on flowering-associated processes was independent of the silencing of *NaHD20*, suggesting a degree of specificity in the function of this gene as a regulator of flower transitions during water stress.

Conclusion
==========

It was demonstrated that *NaHD20* has multiple functions in *N. attenuata* as a positive effector of ABA accumulation in leaves, of BA emission from night flowers, and as a positive or negative effector of processes associated with the opening of inflorescence buds and bolting time depending on the growth conditions. Whether these mechanisms are connected to changes in ABA levels is at present unknown. The effect of ABA on reproductive-associated processes is controversial; previous studies have shown that ABA may delay or advance flowering time depending on the plant species and the developmental stage of the plant ([@bib45]). Future experiments using *N. attenuata* plants stably silenced in *NaHD20* expression will focus on understanding the mechanisms affecting flower transitions and their potential relationships to changes in ABA production.
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[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1) are available at *JXB* online.

**[Figure S1](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1).** Alignment of HD20 amino acid sequences from *N. tabacum* and *N. attenuata.*

**[Figure S2](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1).** Analysis of *NaHD20* transcript levels in leaves after Ethephon and ABA application.

**[Figure S3](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1).** Leaf levels of *NaNCED1*, *NaOSM1*, and *NaLTP1* after ABA treatment.

**[Figure S4](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1).** Silencing efficiency of *NaHD20* expression in *NaHD20*-silenced plants.

**[Figure S5](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1).** ABA accumulation in EV and *NaHD20*-silenced plants (g dry weight^−1^).

**[Figure S6](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1).** Analysis of reproductive phase change and flower transition in EV plants after OS elicitation.

**[Figure S7](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1).** Analysis of reproductive phase change and flower transition in EV plants after *Pseudomonas syringae* infection.

**[Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1).** Primer sequences used for cloning and real-time qPCR.

**[Table S2](http://jxb.oxfordjournals.org/cgi/content/full/erq252/DC1).** Sequences of *Nicotiana attenuata* cDNAs encoding HD-Zip proteins.
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